A three-component planar Doppler velocimetry system was developed and used to make mean and instantaneous velocity measurements in a Mach 2 axisymmetric freejet. The mean measurements were in good agreement with reference laser Doppler velocimetry measurements taken in the same ow eld, whereas the instantaneous measurements were in fair agreement and indicated areas that required improvement. A detailed uncertainty analysis provided further insight into the performance of the planar Doppler velocimetry system. The calibration of the splitter/recombiner imaging system using at eld images was improved. Speckle image noise was found to be the largest source of error affecting the turbulence results, and so digital ltering techniques were investigated and employed.
Nomenclature

B; B i
= bias limit and i th term contributing to the bias limit o = unit vector pointing in the propagation direction of the laser light p I2 ; p N2 = partial pressure of iodine and nitrogen, torr S; S i = precision limit and i th term contributing to the precision limit N S = contribution of the precision limit to the mean uncertainty s = unit vector pointing in the direction of observation V = particle velocity x; y; z = system coordinates as de ned in the text ®;¯;°= viewing angle of Doppler shift measuring systems (DSMS) A , DSMS B , and DSMS C 1 f d = Doppler shift in frequency = laser light wavelength ¾ = standard deviation ! v = instantaneousvelocity uncertainty N ! v = mean velocity uncertainty ! 1 fd = instantaneousDoppler shift uncertainty N ! 1 fd = mean Doppler shift uncertainty Introduction P LANAR Doppler velocimetry(PDV) is a powerfulnonintrusive planar optical velocimetry technique that utilizes a molecular lter as a frequency discriminator. Researchers have been using molecular lters for a number of years in various capacities. 1 -3 The type of information that can be obtained from the scattering signal depends on the regime into which the scattering falls. The PDV con guration here is based on measurements of RayleighMie scattered light. For this regime, the line shape of the incident light is preserved, which is characteristic of Mie scattering. As a result, solely the Doppler shift, hence velocity, can be resolved. The fundamental basis of PDV and Doppler global velocimetry (DGV) are the same. Techniques, whether termed PDV or DGV, may vary in the type of lter broadening, type of lter vapor, and/or Presented as Paper 98-0506 at the AIAA 36th Aerospace Sciences Meeting, Reno, NV, Jan. [12] [13] [14] [15] 1998 ; received Feb. 28, 1998 ; revision received Oct. 26, 1998 ; accepted for publication Nov. 6, 1998 type of laser used. An important feature of the work here, which distinguishesit from the DGV work reported in the literature,is that a pressure-broadened lter, which increases the dynamic range of the technique, was used.
In PDV, the Doppler-shifted frequency of light scattered by particles in the ow eld passing through a laser sheet formed using a narrow linewidth laser is measured. Using a short-duration pulsed Nd:YAG laser, the velocity measurementscan be considered instantaneous. The scatteringmedium can be injectedseed particlesand/or naturally occurring particles in the ow eld. The Doppler shift 1 f d of the scattered light is given by the Doppler shift equation of Yeh and Cummins 4 :
The primary components of the PDV experiment include the seed particles, laser sheet, molecular lter, and splitter/recombiner systems. It is the use of the molecular lter that enables the planar capabilities of PDV. In PDV, the Doppler-shifted frequency is determined by comparing the intensities of two images of the same ow eld. For one of the images, the scattered light will have been attenuated by an optical lter before being recorded. The frequency dependence of the optical lter attenuation is used to extract the Doppler shift.
The PDV technique has been investigated and re ned over the years. Komine et al. 5 demonstrated the feasibility of the PDV technique but did not quantify their results. Meyers et al. 6 demonstrated multiple-componentvelocity measumements in a low-speed ow eld. Elliott et al. 7 used the technique to measure one component of velocity in compressible mixing layers. The technique was advanced to resolve two components of velocity in a supersonic boundary layer by Arnette et al. 8 and in a supersonic freejet by Clancy and Samimy. 9 Smith et al. 10 implemented the idea of a splitter/recombiner system, which reduced the cost of PDV experimentation, and rst recognized the problem of speckle noise. McKenzie 11 ;12 documented the measurement capabilities of PDV and presented a detailed description of possible error sources. Clancy and Samimy 9 and Clancy et al. 13 improved the technique by incorporating a frequency-monitoring system into the twocomponentmeasurementsand identifyingmethods to improve PDV data collection procedures. This paper extends the measurement technique to three components. The velocity measurements were made in a supersonic jet. Two different three-componentPDV congurations are presented with associated experimental results and uncertainty analysis.
Experimental Setup
The baseline ow eld was an ideally expanded Mach 2 freejet. The ow was unheated, and the Reynolds number based on the jet exit diameter of 19 mm was 2:1 £ 10 6 . To resolve three components of instantaneous velocity, three Doppler shift measuring systems (DSMSs), each viewing the measurement region from a different viewing angle, were required. The three-component streamwise PDV (SW-PDV) measurement region was located along the centerline of the jet and extended from 5.8 to 7.8 jet diameters downstream of the jet exit. As shown in Fig. 1 , DSMS A , DSMS B , and DSMS C were located in the x -y plane at viewing angles of ® D 121,¯D 63, and°D ¡90 deg, respectively, relative to the x axis. The three-component cross-stream PDV (CS-PDV) measurement volume was located 6 jet diameters downstream of the jet exit. DSMS A , DSMS B , and DSMS C were located in the x -y plane at viewing angles of ® D 129,¯D 32, and°D ¡37 deg relative to the x axis (Fig. 2) .
The experiments were conducted at the Aeronautical and Astronautical Research Laboratory of Ohio State University. Dry and compressed air was stored in two tanks with a total capacity of 42.5 m 3 at 17 MPa. Data collectioncommenced when the stagnation temperature had settled. The stagnation pressure was maintained within 2% of the desired pressure.The laser was an injection-seeded, Nd:YAG Quanta Ray laser operating at a frequency-doubledwavelength of 532 nm. The laser had a 9-ns pulse duration, 10-Hz repetition rate, and 100-MHz approximate linewidth. The laser sheet was formed from the centermost portion of the laser beam and was veried to have a consistentfrequency content. 9 Variations in frequency across the laser sheet will introduce errors when the ltered-toun ltered intensity ratio is converted to an equivalent Doppler shift. One can either take into account frequency variations or remove frequency variations by limiting the portion of the laser beam that is used. The images were collected on Princeton Instruments, Inc., cooled, intensi ed, 14-bit, charge-coupleddevice (ICCD) cameras.
A Tamaron SPF2BB 90-mm camera lens, with an indicated fnumber of approximately 6.8, was used with each camera. All images were collectedby operatingthe camera in a bin-by-2mode, resulting in images consistingof 288 £ 192 superpixels.For the SW-PDV and CS-PDV con gurations, the superpixel object size corresponded to approximately 480 and 500 ¹m in the ow eld, respectively. Condensed water particles and condensed acetone particles primarily marked the jet shear layer and jet center region, respectively. The ambient air surrounding the jet was not seeded for either the PDV or laser Doppler velocimetry (LDV) reference measurements. The condensed water particles formed when warm moist ambient air mixed with the cold and dry jet ow. The condensed acetone particles were formed by vaporizing acetone from a pressurized tank into the primary ow.
9 ;14 The amount of acetone seeding was estimated to be less than 0.4% of the air ow by weight.
9; 14 The diameter of both types of particles was estimated to be on the order of 50 nm (Refs. 9 and 15), small enough to follow the high-speed ow. 16 The scattering of the coherent light from these particles produced speckle noise. To reduce the effect of speckle noise, all of the raw images were passed through a short-space, low-pass lter.
;17
Each DSMS consistedof a splitter/recombinersystem, 9 a camera, and a molecular lter. 7 The ltered and un ltered images were collectedside-by-sideon one camera.
9 ;10;12; 13 ;18 The method of Clancy and Samimy 9 was used to obtain subpixel image registration. Each lter was 10 cm in length and 10 cm in diameter. The amount of iodine and nitrogen contained in the lter was varied by trial and error until the desired transmission pro le for the expected ow Doppler shifts was obtained. The main features of the lter cell described by Elliott et al. 7 was used. The partial pressure of the iodine is extremely sensitive to the temperature of the coldest portion of the cell, typically a cold nger whose temperature is controlled by a water jacket, but is not sensitive to the temperature of the main part of the cell.
14 Once the desired partial pressure of iodine reached equilibrium,a stopcockwas used to trap the desired amount of vapor in the main part of the cell. Subsequent use of the cell merely required the temperature of the main part of the cell to be raised until all of the crystalsin the main part of the cell were in a vapor state. The lter cell temperature, set by using an Ohmite variable transformer and heat tape, was maintained within 2 K of the desired temperature. The partial pressure of iodine and nitrogen of each lter is listed in Table 1 , in terms of torr, as p I2 =p N2 . Both systems included a frequency monitoring (FMON) system, and the associatedFMON lter componentsare also listed in Table 1 . Although maximum resolution is desired for the FMON lter, it is also necessaryto have the slope of the pro le in the vicinity of the frequencyset point. Thus, in comparisonwith the other lters,the FMON-lter-increasedamount of iodine shifts the intercept, and the decreased amount of nitrogen maintains as much of the slope as possible. The absorption line of iodine at 18788.4 cm ¡1 was used in these experiments. Flat eld images were obtained to properly calibrate the DSMS for camera gain variations, for optical variations across each image, and for the polarization dependence quality of the beam splitters. The method used for previous two-component PDV systems 9 was used to calculate the at eld images for the SW-PDV system. This method was believedto be a sourceof error in the SW-PDV measurements. An improved method was developed and used in obtaining the at eld images for the three-componentCS-PDV data. The improved method involved taking the calibration images with the laser unseeded, which removed the dependence of the at eld images on ow velocity,and takingthe images at four differentlaser intensities. For each pixel in the ltered region, the intensity at the corresponding pixel in the un ltered region was known for each of the four distinct intensity levels. Using the linear quality of the cameras, 8 a line was drawn through the ltered and un ltered intensity data points. In general, the intercept is small, and the image composed of the slope values constitutes the at eld image. Additional details of this technique can be found in Refs. 14 and 17. The at eld and interceptimages are very useful representationsof the quality of the data and image registration accuracy. 
FMON System
The laser frequency uctuates and drifts. The pulse-to-pulsevariations in the laser frequency are random uctuations in time about a mean, and that mean may slowly drift in time. Because the measured Doppler shift is relative to the laser frequency, any variation of laser frequency would produce an error in the measured Doppler shift and resulting velocity calculations. Systems to monitor the laser frequency have been proposed and/or implemented by variousresearchers.
7;10; 11 ;13;14; 19 Two slightly differentFMON systems were used for the CS-PDV and SW-PDV con gurations.
14 The version used for the CS-PDV con guration is presented in Fig. 3 . It consisted of a pressure-broadened lter, two ET 2000 photodetectors, two high-impedance ampli ers, and an analog-to-digital board operating from a personal computer. The combination of the high-impedance ampli ers and the photodiodes resulted in a peak hold-type signal. Data collection of the signals was synchronized with the triggering of the camera images. Reference 14 describes in more detail possible con gurations and their advantages and drawbacks. Although the FMON system appears to account effectively for laser drift, the instantaneous accuracy of the system is yet to be determined.
Reference LDV
To investigate the accuracy of the PDV velocity results, a set of LDV velocity measurements was obtained in the same ow eld. LDV, being an establishedvelocimetry technique, allowed the LDV data to be used as a reference for the PDV data. The LDV data obtainedwith a TSI, Inc., two-component, ber-optic-basedsystem are discussed in more detail in Ref. 9 . Inasmuch as LDV is a pointwise measurement technique, mean and turbulence measurements of the x and z components of velocity were made only along the vertical centerline of the jet, at a location of 6 jet diameters downstream of the jet exit.
Experimental Results
Three-Component SW-PDV Results
To obtain mean and turbulence results in a Mach 2 jet, 12 velocity runs were performed, and 50 velocity images were obtained for each run. Five of these runs were excluded because the FMON showed uctuations exceeding 25 MHz (Ref. 14) . The frequency uctuation of the remaining runs was approximately §20 MHz. A 10-MHz frequency uctuation,which is speci ed by the laser manufacturer, was measured with the FMON system when the jet was not running.
In Fig. 4 , the left-hand column shows the un ltered image and the right-hand column shows the ltered image for each DSMS. Variations in the intensity of the un ltered images correspond to optical variations in the DSMS and density variations in the ow eld. Variations in the intensityof the ltered images correspondto the combination of DSMS optical variations and transmission variations due to the Doppler-shifted frequency. Because of the orientation of the DSMSs, the ow eld is traveling from right to left in the images of DSMS A and DSMS B and from left to right in the images of DSMS C . The images alone provide insight into the ow eld. For example, for DSMS A , the Doppler-shifted scattering from particles moving with positive axial velocity is in the direction of the well of the lter pro le. Thus, the jet center region, which is of greater axial velocity, is darker than the shear layer. In addition, the diagonal feature in the ltered images is believed to be associated with a weak shock cell structure in the jet.
Only images that had a minimal number of saturated pixels were used in the velocity and at eld calculations. The nal data set consisted of 251 velocity images. Furthermore, any region that was considered to be scattering from a large particle, or was below a signal-to-noiseratio (SNR) of 1.5, was not includedin the velocityor turbulence calculations. The mean velocity, at any given point, was calculated by taking the average of the instantaneous velocities.
9;10
The average velocity vector eld, composed of the x and z components of velocity,is presentedin Fig. 5 . The growth of the shear layer, as a function of downstream distance, is captured clearly in Fig. 5 .
The top panel of Fig. 6 comparesthe mean SW-PDV velocitymeasurements, both with and without the incorporation of the FMON measurements, with the reference LDV measurements at a location 6 jet diameters downstream from the jet exit. All of the velocities were normalized by the centerline x component of velocity, approximately 500 m/s, and the distances were normalized by the jet diameter, 19 mm. The shapes of the PDV velocity pro les consistently match the shapes of the LDV pro les. The slight deviation in the x componentof velocitywas believedto be relatedto errors associated with the at eld images. The at eld images were obtained from calibration images taken of the ow eld with the laser frequency set to correspond to approximately full transmission of the molecular lters. However, given the range of positive and negative Doppler shifts realized in this con guration, it was dif cult to set the laser frequency such that the at eld images would be insensitive to velocity information. The middle panel of Fig. 6 compares the SW-PDV y component of velocity, with and without FMON, In Fig. 6 , the SW-PDV and LDV V z pro les do not exactly match. One possible explanation stems from the difference in the seeding methods used for the two techniques.The LDV measurements were based on oil particles that would mark the entire jet ow. The PDV measurementswere based on condensedwater and acetoneparticles, the existence of which depends on the details of the ow eld. For example, the PDV measurements in the shear layer are based on the instantaneous ow elds in which the temperature was low enough and the amount of entrained moisture was large enough to produce a detectable scattered signal. This seeding method is also why the velocity and turbulence pro les do not continue through the shear layer to the ambient.The seeding techniquewas usefulin developing the PDV techniques; however, for detailed measurements of the jet statistics, the jet ow and ambient air surrounding the jet should be seeded. Figure 7 compares the LDV and PDV turbulence intensities. Three LDV measured points in the core region of the jet that were noise dominated have been removed. 14 The incorporation of the FMON information does not signi cantly in uence the turbulence intensities. For all of the components, the SW-PDV turbulence is slightlylower than the LDV turbulence.Part of the reason is the lowpass ltering of the images that was performed to reduce the adverse effect of speckle noise.
14 However, it is not evident why the SW-PDV turbulence intensityis lower than the LDV measurementseven when the low-pass lter has not been applied. The convergence of the SW-PDV measured turbulence level with an increased number of data samples was investigated.
14 It was shown that the turbulence level settled out after about 100-150 PDV images were included in the statistics. This is also true for the CS-PDV case.
Three-Component CS-PDV Results
Six velocity runs were performed, and 50 velocity images were obtained for each run. The nal data set consisted of 296 velocity images, which intersected the jet ow in a cross-stream plane. Note that planar velocimetry techniques such as traditional particle image velocimetry,which dependon particletransittime, cannotobtain velocity measurements on a cross-stream plane. Stereo particle image velocimetry, however, has been used to make three-component measurements on a cross-streamplane but uses a much thicker laser sheet, which degrades the spatial resolution of the measurements. 20 A FMON system was used to calculate the pulse-to-pulselaser frequency. The frequency uctuation was approximately §18 MHz for all of the runs.
Because of the CS-PDV con guration, speckle was seen to degrade signi cantly the accuracy of the y component of velocity. Speckle noise in relation to PDV has been mentioned by various researchers.
9;10; 12 ;14 ;17 Fundamentally, the speckle pattern in the image is producedby the phase variationof the light waves produced by the scattered medium. As the phase variations over the scattered region increase, the contrast in the speckle pattern increases. For phase variations larger than the wavelength of light, a saturation limit is reached, 21 -23 24 present formulations to approximate the speckle noise. To reduce the error associated with speckle, several noise reduction lter techniqueswere investigated. 27 -29 To remove a multiplicative noise, such as speckle, linear lters are applied to the log of the intensity, and then the antilog of the ltered data is taken to recover the intensity. A conventional lter applied in this manner is denoted a homomorphic lter. Typically,Wiener lters and lters applied on a short-space basis are most effective.
Comparison of a short-space, 3 £ 3 pixel window, low-pass lter with weighted coef cients and a short-space, 4 £ 4 pixel window, homomorphicWiener lter was presentedby Clancy et al. 17 Figure 8 shows an original un ltered scatteredimage, the results of a conventional low-pass lter, and the results of a homomorphic Wiener lter applied to the original image. The size of the short-space window and the details of the digital ltering affect the resultant degradation in spatial resolution and measured frequency content of the turbulence. A detailed analysis of each lter is beyond the scope of these preliminaryattempts;however,in Fig. 8 the spottinessof the original image is removed more effectively with the homomorphic Wiener lter while the perimeter and size of the main features are preserved. Figure 9 shows the planar velocity images, where the relatively increasingintensitycorrespondsto relativelyincreasingvelocities. 17 Any region that was consideredto be scatteringfrom a large particle, or was below a SNR of 2.0, was not included in the velocity or turbulence calculations. very well. The slight error in the SW-PDV x component of velocity is not seen here. The velocity errors resulting from errors in determining the at eld images were believed to be greatly reduced as a result of the improved method of determining the at eld. As with the SW-PDV results, the middle panel of Fig. 10 compares the CS-PDV y component of velocity, with and without FMON, with a level of 0 m/s. The CS-PDV y component of velocity uctuates more and is of larger magnitude than the SW-PDV y component of velocity. Notice that, when the homomorphic Wiener lter is used, the results are smoother. From the uncertaintyanalysis,it was found that the speckle image noise and PDV errors are ampli ed for the y component of velocity due to the cross-stream con guration. The bottom panel of Fig. 10 compares the mean z componentof velocity, both with and without the incorporation of FMON. Similar to the SW-PDV results, the errors due to the uncertainty in the absolute frequency primarily affect the z component of velocity. Figure 11 compares the LDV and CS-PDV turbulence intensities, again using a low-pass lter and the homomorphic Wiener lter.
Both sets of data incorporate the FMON corrections. However, the FMON information does not noticeably in uence the results. The x componentof turbulence is consistent with the LDV results. However, the y component of turbulence appears to be noise dominated, and the z componentof turbulence is signi cantly affected by noise. The largest source of the noise was found to be speckle image noise. Notice that with the application of the homomorphic Wiener lter the turbulence intensities for the x and z component are noticeably reduced; however, the y component of turbulence remains noise dominated.
These results indicate that speckle noise is a signi cant challenge to the success of detailed turbulence measurements. The con guration of the PDV system also has an important impact on the quality of the results. Recall that the SW-PDV turbulence measurements were in better agreement with the LDV turbulenceresults (Fig. 7) .
Uncertainty Analysis
The mean three-component PDV results compared very well with reference LDV measurements, whereas the turbulence measurements indicated the need for improvement. An uncertaintyanalysis was performed to provide additional insight into the areas that need improvement. The uncertainty analysis investigatesthe uncertainty in the PDV measured mean and instantaneousvelocity. First, the uncertainty in the Doppler shift measurement is estimated, and then the propagationof the Doppler shift uncertaintycombined with angle measurement uncertainty into the velocity measurements is estimated. In PDV, various sources of error, listed in Table 2 , introduce a xed error, or bias, into the results and others introduce a random, or precision, error. The techniques described by Kline and McClintok 30 and by Moffat 31 were used as the basis for the uncertainty analysis. The component uncertainties were based on actual data or models or were chosen from experience gained by working with the PDV system.
Doppler Shift Measurement Uncertainty
In this section the uncertainties associated with various terms are brie y discussed. Additional details are presented in Ref. 14. Tables 3 and 4 present the Doppler shift uncertainty terms for the SW-PDV and the CS-PDV systems, respectively. Because of the propagationof errors in different regions of the ow eld, the uncertainties are listed for each DSMS correspondingto a region in the jet center and shear layer. The propagation of the individual uncertainties was de ned in terms of a bias limit and a precision limit. The precisionlimit and bias limit were combined to determine the uncertainty in the mean and instantaneous measurement of the Doppler shift. To account for the nite sample size of the results, a statistical portion of the precision limit, based on the sample size and 95% con dence level, was included in the bias limit.
14 ;31 ;32 Each of the terms are brie y discussed as follows.
The term B 1 represents the uncertainty in determining the intercept value for the molecular lter transmission pro les. This term is associated with the variation of frequency content across the laser sheet, which can be minimized by properlysetting up the laser sheet. The uncertaintyin determiningthe calibrated lter transmissionprole intercept value was §2 MHz. The term B 2 represents the errors in obtaining the transmission coef cient due to errors in image registration. The uncertainty estimate was based on the gradient of intensity with respect to pixel location based on actual data and an assumed 0.3 error in pixel alignment.
The term B 3 represents the uncertainty in the measured scattered frequency resulting from uncertainties in the at eld images. The uncertainties in the at eld images correlate with uncertainties in the measured transmission coef cient and then propagate into the velocity calculations.The resultantDoppler shift uncertaintyranged from §1 to §4 MHz.
The term B 4 represents the uncertainty associated with errors in aligning the Doppler shift image from aligning two of the DSMSs with the third. The error in registering the Doppler shift images was modeled in a manner analogous to that of B 2 , where the Doppler shift gradient was used instead of the intensity gradient. Tables 3  and 4 give the uncertainty in the Doppler shift measurement for the DSMSs that were aligned with the reference DSMS.
The term S 1 represents the uncertainties in the measured frequency due to the 1% nonlinearity of the camera reading.
9;14 This term was modeled based on the values that were typical of the data set. The uncertainty in the measured Doppler-shifted frequency resulting from camera nonlinearities ranged from §2 to §13 MHz for the SW-PDV system and was on the order of §10 MHz for the CS-PDV system.
The term S 2 represents the uncertainty in the instantaneous laser frequency uctuations. The uctuations are primarily averaged out of the mean velocity measurements but are anticipated to affect the turbulence intensity. The instantaneous capabilities of the FMON system have not been quali ed. An uncertainty estimate in the FMON system's measurementof the laser frequencywas taken to be approximately §10 MHz. This value represents the increase in the frequency uctuation, which was measured with the FMON system when the jet was operating.Laser drift, which was correctedfor with the FMON system, was not included in the uncertainty analysis.
The term S 3 represents the instantaneous uncertainty resulting from speckle image noise. The speckle SNR ranged from 2 to 4 for the three-componentPDV systems. An uncertainty in the transmission coef cient was deduced, and the resulting Doppler shift uncertainty is listed in Tables 3 and 4 . The instantaneous speckle uncertainty is quite large. The overall mean and instantaneous Doppler shift uncertainties are presented in Tables 3 and 4 . The uncertainty in the mean measured Doppler shift was less than or equal to §14 MHz for the jet center region and §21 MHz for the shear layer region for both the CS-PDV and SW-PDV systems. Notice that the uncertainty was smaller for DSMS A for both the CS-PDV and SW-PDV. The Doppler shift for DSMS A for both systems was negative, and the scattered frequency was shifted closer to the well of the transmission pro le. Also, the Doppler shift for DSMS C of the SW-PDV system did not have a signi cant Doppler shift and showed a smaller uncertainty.
The uncertainty in the instantaneous measured Doppler shift is much larger, with the largest source of uncertainty resulting from speckle noise. Notice that the DSMSs, which, due to their viewing angle, detect large positive Doppler shifts, i.e., DSMS B and DSMS C of the CS-PDV system and DSMS B of the SW-PDV system, also show the largest uncertainty in the instantaneousDoppler shift measurement.
Velocity Uncertainty
Errors associated with viewing angle measurements and Doppler shift calculations will propagate into the nal velocity calculations. Tables 5 and 6 summarize the uncertainty in the velocity for the jet center region and shear layer region. The results are presented in terms of percent centerline velocity.
In the PDV experiment, the Doppler shift equation is dependent on the viewing angle of the DSMS. The error in measuring the viewing direction from the centerline of the image to the center of the jet was assumed to be §1 deg. The method used to measure the angles and the estimated error in the velocity was discussed in Ref. 14. The results are presented in Tables 5 and 6 .
The effect of the mean and instantaneousmeasured Doppler shift uncertainties on the resolved velocity components was modeled as described in Ref. 14. The 2¾ uncertainties on the x; y, and z component of mean and instantaneousvelocity, N ! v and ! v , respectively, for each case are presented in Tables 5 and 6 .
In reviewing the results of the uncertainty analysis on the mean and instantaneouscomponentsof velocity,a few trendsare apparent. First, the mean velocities were quite accurate. Note that the mean uncertainties are less than 5% of the jet centerline velocity for both PDV con gurations.The uncertaintyanalysis presentedhere closely approximatesthe differencebetween the LDV andthe PDV results. 17 Differences between the PDV and LDV z component of velocity exceed the uncertainty analysis, and the cause of the discrepancy is not clear at this time. However, the SW-PDV and the CS-PDV z component of velocity were in excellent agreement with each other.
This supports the argument that the difference between the PDV and LDV velocity results was systematic.
The instantaneous uncertainties increase to about 17% and 16% of the jet centerline velocity for both systems. Note that the largest uncertainty is in the y component of turbulence for the CS-PDV con guration and for the x component of the SW-PDV con guration. Recall that the y componentof turbulencewas noise dominated for the three-component CS-PDV setup. Theoretical investigations suggest that increased accuracy can be achieved by optimizing the combinationof DSMS viewing directions.
14; 17 The largestsource of uncertainty was due to speckle noise. Speckle noise, among other factors, is dependent on the size of the seed particle that is used. The diameter of the condensed water and acetone particles used was estimated to be on the order of 50 nm. For the same incident laser wavelengthand opticalsystems,the speckle noise will increase if larger particles are used.
Conclusion
PDV is a powerful nonintrusive optical diagnostic technique. As demonstrated, the technique can be con gured to accurately measure three components of velocity in a planar measurement region. In developing the PDV technique, two different PDV systems were used to measure the velocity of a baseline ow eld. The SW-PDV system illuminated a streamwise plane, and the CS-PDV system illuminated a cross-stream plane. The ow eld from an ideally expanded Mach 2 axisymmetric jet exhausting into the ambient was the baseline ow eld. A set of LDV measurements was used as a reference measure of the mean velocity and turbulence level of this ow eld. Using this baseline ow eld and referencemeasurements, the accuracy of the PDV technique could be veri ed, and uncertainties in the technique could be investigated. A detailed uncertainty analysisof the PDV systems was also performedto properlyevaluate them.
The mean velocities of the three-component SW-PDV system were in good agreement with the LDV results. Errors in the x component of mean velocity indicated that the method used to calculate the at eld images needed to be improved. An improved method, which was found to be very reliable, was used in subsequentexperiments. The SW-PDV turbulence measurements showed the same trend as the LDV turbulence measurements but were of slightly lower magnitude.
The three-component CS-PDV mean velocities were very good. However, due to speckle noise, the y component of turbulence intensity was noise dominated and the z component was signi cantly affected.Preliminary attempts to lter the images digitallyto reduce the impact of the speckle noise were investigated.
A detailed uncertainty analysis was performed for both con gurations. The uncertainty analysis indicated that the accuracy of the mean velocity was within 5% of the jet centerline velocity. The analysis also showed that the x component of the SW-PDV system and the y component of the CS-PDV system were most sensitive to noise. The accuracy of the PDV system was dependent on the speci c con guration of the PDV system. This paper has demonstrated the design and application of two different three-componentPDV con gurations. Each con guration elucidates different ow features. For example, shear layer growth characteristics can be studied using the SW-PDV system, whereas the CS-PDV system is excellent for investigating streamwise vorticity elds. 14 
